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Solar thermochemical cycles are promising processes for the efficient production of
renewable hydrogen at large scale. One area for process optimization is the high temper-
ature reduction step. The oxygen released during this step has to be removed from the
reactor in order to increase the reduction extent of the redox material. If low partial
pressures of oxygen are required, the removal of oxygen can result in a significant energy
penalty for the process. Two options for oxygen removal are mainly considered so far: the
use of sweep gas and vacuum pumping. Here, a third promising option is discussed -
thermochemical oxygen pumping. This approach shows large energy saving potentials
especially at low partial pressures of oxygen. In this study, the interaction between split-
ting material and pumping material is theoretically analyzed for the conditions of a
demonstration campaign previously published. The presented model approach is able to
capture the main mechanisms of the interaction between the two materials and the gas
phase and provides predictions of the thermochemical oxygen pumping effect on the
reduction extent of the splitting material. A parametric study shows the importance of the
optimization of the relative material amounts. Furthermore, the influence of using
different perovskite materials on the energy consumption of such a process is addressed in
a more generic thermodynamic analysis. The results indicate, that by using perovskite-
based redox materials, the lower limit of oxygen partial pressures for solar thermochem-
ical cycles from an energy demand perspective might be pushed well below 1010 bar. At
low oxygen partial pressures, thermochemical pumps seem to be far more efficient than
mechanical pumps, and their efficiency can be further improved by recovering the heat
released during the oxidation of the pumping material.
© 2019 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/)..de (S. Brendelberger).
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Several paths are investigated for the renewable production of
hydrogen using solar energy [1,2]. One path with a promising
efficiency potential of large scale plants are solar thermo-
chemical redox cycles. Concentrated solar radiation is used to
drive an endothermic reduction reaction of a redox material,
which in a second step splits water to obtain hydrogen.
Alternatively, also carbon dioxide can be processed to open
the path for syngas production and thereby the production of
liquid hydrocarbons as renewable fuels. Since an intermediate
conversion step to electricity is avoided and thermal energy is
directly transferred into chemical energy, the theoretical ef-
ficiencies are very attractive [1]. Therefore, in the last years
several of these redox cycles have been investigated in detail
[3e10] and especially processes based on ceria as redox ma-
terial have progressed significantly [11e13]. Different con-
cepts have been theoretically analyzed [14e18,40] and
reactors and even complete plants have been tested at pilot
scale [19,20]. During these experimental campaigns, signifi-
cant reactor efficiencies have been demonstrated in the range
of 5% [12]. Nevertheless, several challenges have to be solved
before these processes can become economically attractive.
The efforts in optimizing the concepts, materials, compo-
nent designs and operation parameters are continued. One
area with significant optimization potential is the parasitic
energy demand for maintaining low oxygen partial pressures
during the reduction of the redoxmaterial. In several studies it
has been shown that especially for low oxygen partial pres-
sures the use of a sweep gas for the removal of oxygen during
the reduction leads to prohibitively large parasitic energy
costs [14,21e24]. The energy demand is slightly relaxed if
vacuum pumps are used for the oxygen removal. Down to
pressures of about 1mbar they seem to be themost promising
solution so far [24]. Still, oxygen partial pressures of less than
1 mbar are targeted to increase the thermodynamic efficiencyFig. 1 e Schematic of the working principle of a thermochemical
at a low oxygen partial pressure (pin) and released at a high ox
temperature swing cycle.potential of the process. One new way for efficient oxygen
removal during the reduction step has been proposed andwas
lately demonstrated by the authors in a proof of concept
campaign: thermochemical oxygen pumping (see Fig. 1)
[24,25].
A thermochemical oxygen pump avoids the efficiency drop
of mechanical pumps at low pressures related to the large
volumetric flow rates. It makes use of a second redoxmaterial
that is applied to absorb the oxygenwhich is released from the
first (water splitting) redox material. The thermodynamic re-
quirements are different for the two redoxmaterials since the
material used for the oxygen pumping does not need to be
able to split water. Therefore, materials with lower oxygen
affinity can be used. As a consequence these materials can be
reduced at significantly lower temperatures and higher oxy-
gen partial pressures. By lowering the temperature the ther-
modynamic equilibrium can be shifted to higher oxygen
partial pressures and the reduced material can be used to
absorb oxygen from the surrounding atmosphere. If a reactor
containing this reduced “pumping” material is coupled to a
reactor containing the redox material for water splitting, the
pumpingmaterial can be used to absorb the oxygen and lower
the oxygen partial pressure during the reduction step of the
splitting material. A theoretical analysis has shown that for
low oxygen partial pressures (<1mbar) the energy demandper
removed mol of oxygen for cycling a pumping material be-
tween the reduction temperature and the oxygen absorbing
temperature can be several orders of magnitude smaller than
the corresponding energy demand of a mechanical vacuum
pump. This analysis has been done exemplarily for cobalt
oxide. The energy demand of such Co3O4/CoO-based oxygen
pumping, for instance, is significantly lower than when using
mechanical pumps at oxygen partial pressures lower than
approx. 1 mbar [24]. The thermodynamics of this material
suggest that it can be oxidized at significantly lower oxygen
pressures when a lower oxidation temperature is chosen.
However, the kinetics of the oxidation reaction may become aoxygen pump (adapted from Ref. [24]). Oxygen is absorbed
ygen partial pressure (pamb) using a redox material in a
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involving a phase transition and re-arrangement of the crystal
structure takes several minutes even in air at high tempera-
ture [26]. Among the perovskites, materials are expected
which have attractive thermodynamics as well as kinetics. In
an experimental campaign conducted by the authors, oxygen
pumping for thermochemical cycles was demonstrated lately
for SrFeO3-d as a pumpingmaterial [25]. In the study presented
here, the experiments of the demonstration campaign are
analyzed theoretically. Thereto a model of the experimental
setting is developed with which further parametric studies
can be conducted. In addition, the energy efficiency of pe-
rovskites used for oxygen pumping in general is investigated.Theoretical analysis of demonstration campaign
In order to better understand the characteristics of the system
used in the demonstration campaign presented by Brendel-
berger et al. [25] and in order to predict its behavior at other
operational conditions, a system model is introduced. While
the system used in the experiment is described in detail in
Ref. [25] here a short summary of the main aspects is given.
The experimental campaign was conducted to demon-
strate thermochemical oxygen pumping for redox cycles.
Therefore an experimental setup (see Fig. 2) was constructed
using two furnaces and a vacuum tight tube arrangement
connecting ceramic reaction tubes in both furnaces. One of
the furnaces contained the splitting material (SM) ceria e a
redox material able to perform water and carbon dioxide
splitting e while the second furnace contained a crucible
holding granules of the redox material SrFeO3-d as an oxygen
absorber and hence oxygen pumpingmaterial (PM). SrFeO3-d is
used as it showed promising results in previous oxygen
pumping experiments.
A sequence of experimental steps allows heating up the SM
at reduced total pressure while being connected to the
reduced PM kept at a lower temperature. While the SM heats
up, it releases oxygenwhich is partially absorbed by the PM. At
the end of the reduction step the heating of the SM is stopped
and the furnace containing the PM is disconnected from the
rest of the setup by closing a valve. After the SM has cooled
down it is re-oxidized using a stream of nitrogen with a pre-
defined oxygen concentration. By monitoring the oxygen
concentration of the gas stream after leaving the furnace withFig. 2 e Schematic of thermochemical pumping dthe SM the absorbed amount of oxygen is determined and
from this the previous reduction extent of the SM is deduced.
The experiment was run for several settings with different
mechanical evacuation durations and hence pressures at the
beginning of the heating step and different masses of the PM.
In the campaign it was shown that by using a PM in such a
system, the reduction extent of the SM can be increased. In the
following analysis the experimental results are compared to
results obtained by a model considering the two materials at
different temperatures and the connecting gas phase.
Model approach description
The model was developed in Python 3.6 to describe the dis-
tribution of oxygen in a system comprising the splitting ma-
terial, the pumping material and a connecting gas phase,
where both solid phases can exchange oxygen with the gas
phase. The model makes use of several simplifying assump-
tions in a lumped description of the conservation ofmass. It is
assumed, that each redox material is in thermodynamic
equilibrium with its surrounding gas phase at each point of
the cycle. This refers primarily to the reduction extent of both
materials. It is assumed that the temperatures of the redox
materials are equal to the thermocouple readings in the two
furnaces. The gas phases in the two reaction spaces are con-
nected at the beginning of the cycle and disconnected after
the heating phase. Each gas phase is modeled as an ideal gas
containing two species: oxygen and nitrogen. Since the two
furnaces are at different temperatures and a large share of the
connecting tubes is at ambient temperature the average gas
temperature is calculated as themean temperature of the two
furnaces and ambient temperature weighted by the length of
the tubes in the furnaces and by the length of the tubes
exposed to ambient conditions.
In this study, the terms reduction extent and non-
stoichiometry are used equivalently, as the non-
stoichiometry d is directly proportional to the degree of
reduction exhibited in ceria, SrFeO3-d, and similar perovskites
with the general composition AMO3-d. The reduction extent of
ceria is described using the correlation provided by Bulfin et al.
[27]. It shows good agreement with experimental reduction
extents for the temperature and pressure range relevant to the
experiment. Also the reduction extent as function of tem-
perature and pressure of SrFeO3-d has been characterized
experimentally [28]. Based on new experimental results, anemonstration setup (adapted from Ref. [25]).
Fig. 3 e Change in Reduction extent of SrFeO3-d Dd as
function of the pressure at different temperatures. The
points are experimental data and the lines are obtained by
the correlation (Eq. (1)). The absolute non-stoichiometry d
can be derived from the Dd value by adding the initial non-
stoichiometry at a reference point.
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Bulfin et al. [27] to derive the parameters of a comparable











with the reduction extent d and the partial pressure of oxygen
pO2 given in bar. The other parameters are obtained by fitting
the model to the experimental data (see in Table 1).
The relation between the fitting parameters and physical
meaningful characteristics is controversial since for example
the notation would assume a constant reaction enthalpy
which was experimentally disproved. Nevertheless, since the
correlation is able to describe well the reduction extent as
function of temperature and partial pressure of oxygen, it is
used in the following analysis. For ceria this was shown in
Ref. [27] and for SrFeO3-d it can be seen in Fig. 3. For SrFeO3-d, a
significant initial non-stoichiometry is present even at 400 C
in air, which is not considered further in this study, as only the
change in non-stoichiometry Dd, is required which corre-
sponds to the amount of oxygen absorbed and released. For
ceria, Dd and d are assumed to be equivalent, as the equilib-
rium amount of vacancies in the ceria lattice is negligible at
room temperature in air.
Since gas leakage can be observed in the experimental
setup it is also included in the model. The leakage is experi-
mentally quantified during isothermal phases by observing
the pressure change over time. It is assumed, that the gas
entering the setup consists of 80% nitrogen and 20% oxygen.
Further, it is assumed that the leakage is constant throughout
the cycle.
Modelling results and discussion
Themodel is validated using the experimental data published
in Ref. [25]. For the comparison of the model with experi-
mental results the equilibrium conditions for each tempera-
ture value during the heating and cooling cycle are calculated.
As starting point the start of the heating phase is used. The
pressure measured at this point is used as starting value for
the simulation. It is assumed that the gas phase at this point
consistsmainly of oxygen (due to the reduction of the PM) and
the nitrogen leakage which was present after the evacuation
has stopped.
In Fig. 4 the experimental total pressure evolution during
one cycle can be seen and compared to simulation results. The
label “Basic II” refers to experimental conditions described in
Ref. [25]. In order to assess the sensitivity of the model with
respect to inaccuracies in the assumptions, the parameters of
the model are varied. “Basic II” is using the assumptionsTable 1 e Parameters for reduction extent calculation.




DE (kJ mol1) 195.6 49.7described above; “p_start” uses a starting total pressure
increased by 20%; “T_gas” assumes that only 80% of the tube
length in the furnace is at the furnace temperature and 20% is
at ambient temperature (recognizing the temperature distri-
bution within the furnace) leading to a lower average tem-
perature of the gas; “High Leakage” uses an increased leakage
rate (by 10%) during the heating phase since part of the
leakage is attributed to the connections of the tube element
containing the PM. The pressure uncertainties were chosen
based on the pressure evolution results which showed a rapidFig. 4 e Variation of pressure during the experiment. The
pressure peak coincides with the end of the heating phase.
Experimental data is given as well as the results from the
model with varying assumptions. In addition the model
oxygen concentration is given.
Fig. 6 e Change of reduction extent for the re-oxidation of
the SM after the cooling phase.
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 4 ( 2 0 1 9 ) 9 8 0 2e9 8 1 09806relative change at the beginning (related to p_start) and a slow
but steady relative increase at the end (related to “High
Leakage”).
As can be seen the model shows in general a good agree-
ment with the experimental data. Discrepancies can be
noticed especially at the beginning of the heating phase and
during the cooling phase. The variations of themodel lead to a
qualitatively similar behavior and small quantitative de-
viations. Two effects can be identified: the oxygen release and
absorption happen at a slower rate than the model predicts
and the total pressure stays at a lower level in the cooling
phase. One plausible explanation for the smaller pressure
gradients is that the thermocouple in the furnace changes the
temperature faster than the SM in the reaction tube. Causes
for the lower total pressure during the cooling phase might be
a higher mean temperature of the gas then obtained with the
assumptions used in the model and larger leakage flows
during the heating phase since several tubes are disconnected
after this phase.
In a next step the comparison between experimental re-
sults andmodel predictions is extended to other experimental
settings. The results can be seen in Fig. 5. Also for the other
experimental conditions good agreement between simulation
and experiment are observed. The deviations are similar to
what is discussed in the context to Fig. 4.
So far the comparison focused on the total pressure - a
value recorded throughout the experiment. The actual value
of interest is the reduction extent of the SM during the cycle.
Since in the experiment this value is measured only after the
end of the cooling phase, the model values are taken for
comparison at the same point in time. The reduction extent
shows changes in the order of 1% when the simulations
conditions are varied as described above for the sensitivity
analysis. The simulation results and experimental values are
depicted in Fig. 6. The simulation results show a good agree-
ment with the trends of the experimental values when
changing the duration of the evacuation and the mass of the
PM. The quantitative analysis shows that a discrepancy be-
tween the simulation results and the experimental findingsFig. 5 e Pressure evolution for different experimental
conditions and model predictions.remains but taking the simplifying assumptions of the model
into account the accuracy level is rather better than expected.
Overall, the model captures the main mechanisms
involved and is able to predict the change in pressure and
more importantly the resulting change in reduction extend
with reasonable accuracy. This encourages the application of
the model for the prediction of the usage of a PM in combi-
nation with a SM for different setups and operational condi-
tions. One example is the analysis of variations in starting
pressure and molar ratios between PM and SM. The results of
the simulations are shown in Fig. 7. In this simulation, leakage
was omitted. In the experimental settings described above the
molar ratios nPM/nSM varied between 0 and 0.6 and showed a
strong increase in reduction extent with larger amounts of the
PM. Fig. 7 shows that a saturation effect can be observed such
that for pressures down to 1 Pa molar ratios above 10 haveFig. 7 e Simulation results of parameter variation for
starting pressure and molar ratio.
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tions below 0.1 a positive effect is hardly noticeable.Theoretical energy uptake of perovskite-based
oxygen pumps
After the theoretical analysis of the experimental demonstra-
tion campaign and the discussion of the usedmodel to predict
the pressure evolution and reduction extent for different
conditions, it is worth looking at the energetics of the process
and materials-dependent process parameters. Our thermo-
dynamic model in the previous section is in good agreement
with theexperimentallydetermined dvalues,however, it relies
on the availability of experimental data in this particular range
of d. Other materials may be suitable to reach lower oxygen
partial pressures than demonstrated in the experimental
campaign [29,30]. In the following, we therefore analyse the
potential of thermochemical pumps based on different mate-
rials over a large range of oxygen partial pressures, which is
beyond the experimental study. Based on theoretical data, it is
possible to conduct a first study on different perovskite oxides
and their energy uptake for oxygen pumping. Due to the sim-
plifications and assumptions made, the accuracy of themodel
presented in the following is lower than the accuracy of the
empirically based model used in the previous section, but it
allows a good estimate of the redox energetics for conditions
beyond the scope of our experiments.
Methodology
Within the experimental study and demonstration experi-
ments, we have applied an empirical model to fit the changes
of the redox enthalpy in dependence of the temperature and
oxygen partial pressure. This, however, is only possible for
materials with available experimental data. In the following,
we use a model based on theoretical data to estimate the
energy uptake of the process. Existing values for redox en-
thalpies DH for the complete reduction from perovskite to
brownmillerite calculated via density functional theory (DFT)
have been taken from The Materials Project, and it has been
assumed that those are temperature-independent in first
approximation [31e33]. The heat capacities of these perov-
skites were approximated based on the heat capacity of
SrFeO2.50 using a temperature-independent value of
Cp ¼ 120 JK1mol1 (per mol of redox material) based on the
literature [34]. This simplification introduces some errors,
especially at low temperatures (<600e800 K) and if second
order phase transitions are present, but it serves as a good
approximation to estimate the energy uptake of such pro-
cesses. Moreover, all perovskites have the same heat capac-
ities in our model, as expected according to the Debye model
for equal structures with the same amount of atoms for T/∞.
The redox entropy change DS is dependent on the non-
stoichiometry d and consists of the following contributions:
DSðdÞ ¼ sO þ DsconðdÞ þ DsvibðdÞ (2)
with the partial molar entropy of oxygen gas release sO which
can be calculated using the Shomate equation usingcoefficients for the respective temperature ranges from
100e700 K and 700e2000 K [35], the vibrational entropy change
Dsvib, which is zero in our case according to the Debye model
as dCp=dT is zero [36], and the configurational entropy, which







$R$ðlnðdm  dÞ  ln d Þ (3)
where themaximumnon-stoichiometry in ABO3-d perovskites
dm ¼ 0.5 in our case, R is the ideal gas constant, and a ¼ 2 de-
scribes ideal non-interacting defect sub-lattices. It is assumed
that the reduction of the perovskites occurs in ambient air
(pO2¼ 0.21 bar) at elevated temperatures denoted by Tred. The
perovskites are re-oxidized in equilibrium at a lower temper-
ature Tox, where a lower oxygen partial pressure is reached
according to the Gibbs-Helmholtz equation using the values
for DH and DS given above:






The reference pressure pref ¼ 1 bar is used. The condition D
G ¼ 0 must be met, indicating equilibrium conditions. To do
so, it is possible to either adjust the oxidation temperature
while keeping d constant, or to find a d where equilibrium
conditions are reached at constant temperature. The first
approach was used by the authors in an earlier publication to
calculate the energy demand of oxygen pumping using the
Co3O4/CoO redox pair. The energy demand Q of the total







with the non-stoichiometries dred and dox at the reduction and
oxidation step, respectively, while DT refers to the tempera-
ture change between the two steps. The factor 2 has to be
introduced as a stoichiometric coefficient to calculate the
energy demand per mol of diatomic O2. Theoretical redox
enthalpies of SrFeO3 (84.6 kJ/molO) and SrMnO3 (170.3 kJ/molO)
are used to calculate the air separation process with reduction
at Tred ¼ 800 C in air.
Within this study, the state of the chemical equilibrium is
calculated under different conditions defined by the oxygen
partial pressure and temperature values. The energy contri-
butions necessary to reduce the material (sensible heat and
redox enthalpy) are added to yield the total energy con-
sumption to operate one redox cycle per mol of oxygen
released. These can be lowered by assuming a certain extent
of solid-solid heat recovery.Results and discussion
If the oxidation temperature is kept constant, different non-
stoichiometries d are achieved depending on the material
and the target pO2 . This means that for small changes in non-
stoichiometry, a low amount of oxygen is stored per mol of
redox material, and more redox material is required to reach
the same effect. Therefore, the heat capacity term increases
Fig. 9 e Heat input for thermochemical air separation with
perovskite materials under consideration of recovery of the
latent heat at an efficiency hhrec. The heat recovery
efficiency plays a key role in the efficiency of the whole
process.
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substantial amount of redox material has to be heated and
cooled in the process.
Alternatively, if the change in non-stoichiometry d is kept
constant in order to use a constant amount of redox material
per mol of oxygen released, the total energy uptake is signif-
icantly lower in most cases due to the lower sensible heat
input (see Fig. 8). The oxidation temperature is now a function
of the target oxygen partial pressure. A limit of Tred > 250 C is
used due to kinetic limitations suggesting significantly
increased reaction times at lower temperatures [33]. This in-
duces a limiting pO2 for each material which cannot be un-
dercut. It is evident that a thermochemical pump based on
perovskites is more efficient than a mechanical pump at ox-
ygen partial pressures in the sub-millibar range. As opposed to
the Co3O4/CoO redox pair, where the chemical and sensible
heat input are in the same order of magnitude, the heat input
of perovskite-based thermochemical pumps is mainly gov-
erned by the latent heat demand. The chemical energy
required to partially reduce these oxides is quite low, espe-
cially in the case of SrFeO3-d. This implies that using heat ex-
changers to recover the latent heat will significantly improve
the efficiency of these thermochemical pumps, as shown in
Fig. 9 for different heat recovery efficiencies hhrec. A possible
heat recovery concept has been outlined by Felinks et al. with
theoretical efficiencies above 50% [38,39]. With efficient heat
recovery, perovskite-based oxygen pumps may surpass the
efficiency of a cobalt oxide-based pump [24], while offering the
advantage of reaching lower oxygen partial pressures and
faster redox kinetics [26,33] while using earth-abundant ma-
terials based on strontium, iron, andmanganese. These redox
materials allow reaching lower oxygen partial pressures than
withmechanical pumps at moderate energy inputs.While the
practical realization of this concept remains challenging,
perovskite-based thermochemical pumps may play an
essential role in increasing the efficiency of two step solar-
thermochemical cycles for fuel production through enabling
the reduction of the splitting material at lower oxygen partial
pressures and lower cycle times than possible usingFig. 8 e Thermochemical oxygen pumping using perovskites at
d and 0.05 for SrMnO3-d with a reduction step at Tred ¼ 800 C
oxygen pumping, while the graph on the right depicts the oxid
demand of a mechanical vacuum pump as provided by Brendelb
the calculation of so based on the Shomate equation with differstoichiometric oxides. The increased reduction extent directly
translates to a higher hydrogen yield per cycle, which corre-
sponds to significantly decreased hydrogen production costs.
Techno-economical aspects of a scaled-up process will be
addressed in future studies. It is important to note that while
the temperature-dependent change in the redox enthalpies
and inaccuracies in the DFT calculated-values do not have a
large effect on the overall energy uptake per mol of material,
these uncertainties do affect the accuracy of the thermody-
namic calculations and the corresponding amount of oxygen
absorbed or released. Therefore, our studies are intended to
give an outlook on the possibilities of this technology, but theconstant non-stoichiometry change Dd ¼ 0.2 for SrFeO3-
in air. The graph on the left shows the energy demand for
ation temperature. The mechanical envelope is the energy
erger et al. [24]. The steps at about 450 C are induced due to
ent constants at T < 700 K and T > 700 K.
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thermodynamic models are part of ongoing studies.Conclusions
In previous publications the authors introduced the concept of
thermochemical oxygen pumps for oxygen removal during
the reduction step of solar thermochemical cycles in a first
conceptual study considering CoO as pumping material and
presented experimental results of a demonstration campaign.
Now, in this study, the concept of thermochemical oxygen
pumping is further investigated by, firstly, analyzing the
demonstration campaign theoretically and presenting a sim-
ple model approach that captures well the main mechanisms
in the setup and as such can be used to assess the imple-
mentation of pumping material under various conditions.
Secondly, the theoretical potential of perovskites applied to
solar thermochemical cycles is analyzed from an energetic
perspective exemplarily for 2 materials based on literature
thermodynamic data: SrFeO3 and SrMnO3. As shown in the
analysis, the advantage of oxygen pumping is especially pro-
nounced for pressures below 1 mbar. There the required en-
ergy amount is significantly lower compared to mechanical
oxygen pumps. In comparison to the performance of CoO the
analyzed perovskites showed higher energy demands.
Nevertheless, if efficient heat recovery strategies for the
pumping material are applied perovskites might even
outperform CoO. In addition CoO seems to be kinetically
limited and might require long cycle times while perovskites
show typically much higher reaction rates, which might be
another important advantage of these materials in compari-
son to CoO for the application in solar thermochemical cycles.
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